Abstract: Root-knot nematodes are a group of endoparasites species that induce the formation of giant cells in the hosts, by which they guarantee their feeding and development. Meloidogyne species infect over 2000 plant species, and are highly destructive, causing damage to many crops around the world. M. enterolobii is considered the most aggressive species in tropical regions, such as Africa and South America. Phytonematodes are able to penetrate and migrate within plant tissues, establishing a sophisticated interaction with their hosts through parasitism factors, which include a series of cell wall degradation enzymes and plant cell modification. Among the parasitism factors documented in the M. enterolobii species, cellulose binding protein (CBP), a nematode excretion protein that appears to be associated with the breakdown of cellulose present in the plant cell wall. In silico analysis can be of great importance for the identification, structural and functional characterization of genomic sequences, besides making possible the prediction of structures and functions of proteins. The present work characterized 12 sequences of the CBP protein of nematodes of the genus Meloidogyne present in genomic databases. The results showed that all CBP sequences had signal peptide and that, after their removal, they had an isoelectric point that characterized them as unstable in an acid medium. The values of the average hydrophilicity demonstrated the hydrophilic character of the analyzed sequences. Phylogenetic analyzes were also consistent with the taxonomic classification of the nematode species of this study. Five motifs were identified, which are present in all sequences analyzed. These results may provide theoretical grounds for future studies of plant resistance to nematode infection.
INTRODUCTION
Root-knot nematodes are obligate endoparasites that induce the formation of giant cell on its host. It is estimated that more than 5,000 species of plants worldwide are infested by these organisms1. Root-knot nematodes pierce the cell wall of the roots with a projectable stylet, by which they secrete substances that induce the differentiation of plant cells, forming multinucleated cells that undergo phenotypic, functional and metabolic alterations [2] [3] [4] . Galls are formed around the giant cells and the roots become distorted, compromising their functions and damaging the growth of the plant. It is through the giant cells that the phytonematodes guarantee their feeding, development and reproduction 4 . Phytonematodes of the genus Meloidogyne are highly destructive and are associated with losses of production in several crops worldwide. The presence of these parasites in different regions of the world has been increasingly reported, including in crops plants with resistance genes to other species of the genus [5] [6] [7] . Among the species with the highest parasitic potential, Meloidogyne enterolobii is considered to be the most aggressive in comparison with other tropical species of root-knot nematodes 8, 9 . The species was reported in Africa, Central America, the United States, France and China 10 . In Brazil, M. enterolobii was originally detected in guava orchards in 2001, in the States of Pernambuco and Bahia. Since then, this nematode has been a major concern in the country due to its rapid propagation and destructive potential, making it impossible to cultivate in areas where it is present 11 . The severity of its infestation is primarily due to the high capacity of this species to overcome resistance genes of their hosts 9 . This resistance-breaking ability is an important factor that gives this nematode species a high multiplication potential in relation to other species of this genus, in addition to inducing the formation of gall in the roots of plants more efficiently in tropical regions 11, 12 . Through parasitism factors, phytonematodes are able to penetrate and migrate within plant tissues, establishing a sophisticated interaction with their hosts. Parasitism factors of these nematodes include a number of cell wall degradation enzymes (CWDEs) and secretory effector proteins (SEP) to suppress host defense responses [13] [14] [15] [16] [17] [18] [19] . The invasion to the roots of the plants requires the degradation of the cellular wall, constituted mainly by cellulose, hemicellulose and pectins, that form a physical barrier against the attack of pathogens 20 . Because cellulose is an insoluble polymer and particularly difficult to be degraded, some microorganisms have developed strategies that involve the production and secretion of enzymes that act synergistically 21 . In these phytonematodes, several genes are found that are generally absent in animals, although they are similar to genes present in prokaryotic organisms, such as soil bacteria. Phylogenetic analyzes indicate that these nematodes have acquired genes from other organisms capable of giving them the ability to produce enzymes that degrade the cell wall of plants. This acquisition would be through the horizontal transfer of genes, which means transmission of genes between different organisms by mechanisms other than the vertical genetic inheritance from biological parents 20, 22 . Among the parasitism factors related to cell wall breakage documented in the M. enterolobii species, cellulose binding protein (CBP) had not its function clearly described yet. In phytonematodes, the first gene identified was the Mi CBP-1, in the species M. incognita 4 . The authors identified an N-terminal signal peptide in the protein sequence, indicating that Mi CBP-1 would be a secreted protein. Several lines studies 4, 21, 23 suggest that CBP is secreted during parasitism. One of the indications would be that, at first, CBP genes are not found in any other parasitic nematode of animals or non-parasites, indicating that the mode of action of the protein would be on the plant's cellular tissue. In a study of cell wall modification during the parasitism of the phytonematode species Heterodera Brazilian Archives of Biology and Technology. Vol.62: e19180120, 2019-www.scielo.br/babt schachtti, increasing levels of CBP mRNA were observed in stage J2, and a peak expressed in stage J3, suggesting an important role of the protein after penetration, already inside the plant root and particularly during the beginning of the formation and development of the syncytium (multinucleated mass of cytoplasm formed by the fusion of originally separated cells) 21 .
In the M. javanica species, the CBP gene encodes a protein that contains a signal peptide of secretion, which is expressed in eggs and in the pre-invasive stage J2, but not in adult females 24 . In silico analysis can be of great importance for the identification, structural and functional characterization of genomic sequences, besides making possible the prediction of structures and functions of proteins. This type of experimentation represents a low cost alternative for studies on biological functions with very precise computational models when compared with laboratory conditions. Computational analyzes have been used in the characterization of several proteins and enzymes in both eukaryotes and prokaryotes, in search of genes linked to parasitism and resistance in host species [25] [26] [27] [28] [29] [30] [31] . The identification of proteins involved in the relationship of parasitism of nematodes and plants can provide important tools for research that develop plant species with resistant genes and in the search for mechanisms that avoid the breakdown of this resistance by phytonematodes.
MATERIAL AND METHODS

Data search and sequence retrieval
The search for genomic and protein sequences was performed at National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). Using M. enterolobii CBP sequence (ANH56394) as query, the BLASTp tool was used for localization of homologous and similar sequences in other nematode genera. Additionally this tool was also used to search for protein homologues from the plant parasitic nematodes genomes in the wormbase database (parasite.wormbase.org). This database contain three publically available genomes of completely sequenced nematodes from the Meloidogyne genus, M. floridensis, M.incognita, M. hapla.
Analysis of Protein Features
Physicochemical parameters of the identified protein sequences were estimated by the ProtParam software (http://web.expasy.org/protparam) 32 .The subcellular localization of the analyzed sequences is being predicted by the software CELLO2GO 33 . Location of regions of peptide signals in the characterized proteins will be performed by the software TOPCONS (http://topcons.cbr.su.se/) 34 .
Identification of conserved motifs and phylogenetic analysis
The presence of conserved motifs was analyzed by the MEME SUITE tool 35 . Additionally, Prodom server 36 was used to search for conserved domains in the protein sequence. Sequence alignment was performed by the ClustalW algorithm implemented in the software MEGA6.06 37 . For the phylogenetic analysis, a Neighbor Joining (NJ) tree was generated with 1000 bootstrap replications.
Tertiary structure prediction
Due to the non-existence of a three-dimensional model of CBPs, it was necessary to use the homology modeling methodology. This method predicts the three-dimensional structure of a protein using as a template similar sequences that already have their structure elucidated. 3D models of the proteins identified were generated by the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2) 38 . Phyre2 server incorporates the Poing tool 39 , which is an ab initio folding simulation to model regions of the proteins with no detectable homology to known structures. Poing tool also combines multiple templates to improve model accuracy. Ab initio prediction methods consist in modeling all the energetics involved in the process of folding, and then in finding the structure with lowest free energy. The accuracy of this methodology is limited to small proteins, with less than 100 residues and should be taken in consideration with caution 38, 40 . The results were viewed by the UCSF Chimera 41 . Model quality was evaluated using the Molprobity server (http://molprobity.biochem.duke.edu/) 42 by Ramachandran plot analysis. Z-score was calculated using interactive ProSA-web server (https://prosa.services.came3.sbg.ac.at/prosa.php) to recognize errors in 3-D structures 43 .
RESULTS and DISCUSSION
Identification and characterization of CBPs
Several studies have demonstrated that CWDEs produced by phytonematodes have an important role in the establishment of the parasite-host relationship during the infection process 4, 19, 21, 23, 24 . Following the first report of a CBP from a nematode in M. incognita 4 , several highly similar sequences were described in phytonematode species from the Meloidogynidae family 4, 19, 21, 23, 24 , including two to three allelic variations of CBP from M. incognita, M. javanica and M. arenaria 4 In this study, 11 CBP sequences from the nematodes of the Meloidogynidae family were found in the NCBI database, recovered in the FASTA format, and one sequence of the species M. hapla was retrieved from the Wormbase genomic database. The 12 sequences are listed in Table 1 . All sequences were identified with presence of signal peptide by the TOPCONS server. This tool predicts the presence and location of signal peptide cleavage sites. TOPCONS shows all sequences analyzed with N-terminal peptide signal ( Table 2 ). The presence of signal peptide is characteristic of excretory proteins. Physicochemical parameters of the CBP sequences were analyzed in order to investigate the structures and functionalities of the proteins. As shown in Table 2 , after the removal of the signal peptide, the analyzed CBP sequences vary in size between 174 aa (M. hapla) to 187 aa (M. enterolobii) and have molecular weight of 18.3 kDa (M. hapla) and 19.9 kDa (M. incognita_CAM33386.1). The isoelectric point (pI) of the sequences was between 4.27 (M. enterolobii) and 4.93 (M. incognita _CAM33386.1). The isoelectric point is the pH at which the protein becomes insoluble and therefore unstable 44 . The mean hydropathicity, identified in Table 2 as GRAVY, varied between -0.630 (M. hapla) and -0.761 (M. incognita_CAM33386.1).These results indicate that the analyzed CBPs are hydrophilic. Thus, the identified CBPs would have low activity at acidic pH, probably acting in the neutral or alkaline range. Due the acidic pH found in plant tissues, and the fact that Meloidogyne species and many other phytoparasitic organisms are often encountered in soil raises the possibility that the acidic CWDEs may have physiological functions that are important for survival outside the plant tissue 45 . CELLO2GO server was used to analyze the subcellular location of the sequences. All the sequences were described as extracellular proteins, and may also occur in the cell interior, in the chloroplast (M. arenaria) and in the nucleus (M. enterolobii, M. hapla, M. incognita, M. javanica), which is in accordance with the prior identification of CBP, as a parasite-related excretion protein 4, 21 . Figure 1 shows the multiple alignment of the analyzed CBP sequences generated by the MEGA7 software using the ClustalW algorithm. The characterization of CBP in species of the genus Meloidogyne demonstrated the conservation of this protein in the organisms analyzed, suggesting its importance for the infection process of these parasites in their respective hosts. The conserved motifs of the CBP sequences were analyzed using the MEME Suite tool. Based on the results, five motifs were discovered. Three of the five motifs occur in all analyzed sequences (Figure 2 ). Motif 5 is absent in the CBP sequence in M. hapla species and motif 3 is not present in the sequence of M. incognita_CAM33386.1. 
Identification of conserved motifs and phylogenetic analysis
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Figure 2
Conserved motifs identified in the evaluation of cellulose binding protein (CBP) using the MEME SUITE tool. The position of each block indicates where the subject was matched in the sequence. The width of the blocks indicates the width relative to the size of the sequence. The color and boundary of the blocks are used to identify the corresponding motif, as shown in the legend. The height of the blocks represents the significance of the correspondence, with higher blocks being more significant.
The results obtained by the ProDom server (Figure 3 ) demonstrate the presence of three functional domains, related to signal binding (PD069996 and PDD5D5D3) and cellulose hydrolase (PDC864N4). As observed in the Figure 3 , Motif 3 is absent in M. incognita_CAM33386.1 sequence. This motif corresponds to the PDC864N4 domain, which is only partially present, and PDD5D5D3 domain, which is completely absent in M. incognita_CAM33386.1. Four allelic variations for M. incognita CBP were previously identified 4, 24 , and M. incognita_CAM33386.1 was described as originated from a avirulent line of M. incognita from Lybia 24 . The grouping found in the clustering tree was consistent with the taxonomic classification of the nematodes. The species M. arenaria, M. enterolobii, M. incognita and M. javanica reproduce by parthenogenesis and are characteristic of tropical regions, differing from M. hapla, which reproduces by meiotic parthenogenesis and present in temperate regions 46, 47 . however, the variation observed in CBP within the G1 cluster, does not show a clear species specific relationship (Figure 4 ) which is consistent with the existence of many allelic variations for CBP in each species. 
Tertiary structure prediction
The knowledge of the 3D structure of proteins is of great importance for the understanding of their functions. Thus, tertiary structure prediction of M. enterolobii was performed using the Phyre2 server. This server uses the alignment of hidden Markov models via HHsearch 48 to improve the accuracy of the alignment and detection rate. Three templates were selected as models based on heuristics to maximize confidence, percentage identity and alignment coverage. The selected models were, d1e5ba, identified as Endo-1,4-beta xylanase D, c3ndyG, identified as Endoglucanase d, and c2rttA, identified as a chitin binding protein (chi18ac). Eighty-five (85) residues were modeled by ab initio methodologies due the lack of similarity to any available models. Figure 5a illustrates the model generated for the CBP of the M. enterolobii species. The hydrophobicity surface calculated by the UCSF Chimera software as can be seen in figure 5b, confirms the hydrophilic character of CBP. The electrostatic surface (fig 5c) shows a mostly negatively charged surface for Me-CBP. The three-dimensional model generated for the CBP of M. enterolobii reveals a protein with 40% of its structure consisting of Beta-strands, which is characteristic of carbohydrate binding modules 49 . The enzymatic degradation of cell wall components, such as cellulose and xylans requires several types of enzyme such as endoglucanases, cellobiohydrolases (exoglucanases), or xylanases 50 . Structurally, these enzymes generally consist of a catalytic domain and a carbohydrate-binding module (CBM2) which is a conserved region of approximately 100 amino acid residues, that can be found either at their N-terminal or Cterminal extremities 51 . Like other CBM domains, CBM2 is a beta-sheet domain 52 . The generated model was submitted to Yasara energy minimization server 53 , for molecular dynamics simulations and refinement through energy minimization. Verification of stereochemical quality of the model was carried out using Ramachandran plot analysis by the Molprobity server. Due to the presence of Ramachandran outliers, model refinement was also carried out with the KiNG software 54 . The final models showed 90.81% of amino acid residues in favored regions and no outliers (Figure 6a ). ProSA-web (Protein Structure Analysis web) was used to recognition errors in the tertiary structure prediction. The Z-score was used to measure the energy, as it indicated overall quality of the model. Positive Zscore values show that the structure is not stabilized while zero and negative scores represent energy stabilized structures. Me-CBP model showed a Z-score value of -3. Prediction of the 3-D structure of Me-CBP would provide valuable insights into the molecular basis of these protein functions.
As suggested by previous studies 4, 21, 23, 24 , CBPs may have an important hole in the establishment of the parasitism relationship between plant parasitic nematodes and their hosts, but CBP function as CWDE is not clearly comprehended, since this protein did not exhibited cellulase activity but bound to cellulose and plant cell walls 4 . The development of a CBP three dimensional model could be of great importance for molecular docking studies and the understanding of its molecular interactions with cellulose molecules.
CONCLUSIONS
Bioinformatics analysis can play a vital role in the interpretation of proteomic data. These methodologies have been extensively used for predicting function and structure of proteins from its amino acid sequences 24, 27, 28, 52, 53, 55 . The identification of the characteristics of these proteins during parasitism can serve as an important tool in the construction of control strategies for root-knot nematodes and its interactions with their host plants. In this work we present the first tertiary model of CBP from M.enterolobii. These findings can provide useful information on the molecular basis of the functions of these proteins and the understanding of nematode infection processes. 
